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During its life span a plant has to cope with numerous and diverse constraints, which, contrary to most
laboratory-trials, generally don’t come one by one. Plants therefore have evolved a general adaptation
syndrome, a set of molecular responses activated when exposed to various stresses. Apart from these
general stress-responsive events, speciﬁc constraints result in the activation of speciﬁc responses. A
major determinant in the global distribution of plant species is cold. The second constraint used in this
study, cadmium exposure, is more of local importance. A poplar clone (Populus tremula L.) was exposed
to cold, Cd and their combination and the proteome-level effects were determined. Changes in protein
abundancewerequaliﬁedasbeing either cold, Cdor general stress responsive. All treatments signiﬁcantlycclimation
roteomics
rganellar proteome
embrane integrity
affectedplant growthbut cold, singly and in combination, resulted in a complete growth arrest and effects
on the Fv/Fm ratio.
Proteins involved in the methionine pathway to activated methyl groups are speciﬁcally cold-
responsive, asmost of theheat shockproteins andproteinswithknownmembrane-stabilizingproperties.
Proteins involved in mitochondrial protein import and maturation and proteins involved in nitrogen
metabolism are among the speciﬁcally Cd-responsive proteins.
© 201. Introduction
During their life span, plants have to face various environmen-
al constraints, e.g. cold, heat, drought and nutritional limitations.
dditionally, plants may also have to endure various geochem-
cal and/or anthropogenic soil or air pollutants such as ozone,
ne dust or an excess of metal(loid)s. Such constraints are gen-
rally not experienced one at a time, but rather in combinations.
or instance, periods of intense heat are often accompanied with
rought stress, as the available water content in soils may become
imiting. Likewisebarrenmetal-contaminated soil, typical for aban-
oned industrial sites and mining areas is often coarse resulting in
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low water retention, adding drought conditions to the presence of
soil contaminants.
Although speciﬁc stress situations may induce a speciﬁc
response, plants present a set of responses that are activated when
growing under unfavourable conditions, independent of the con-
straint nature. This concept, termed general adaptation syndrome,
was originally described for animal studies (Selye, 1951). It post-
ulates that different constraints provoke similar or even identical
stress coping mechanisms (Sanita di Toppi and Gabbrielli, 1999;
Kranner et al., 2010). In addition, plants have a unique stress
response to a combination of different constraints that cannot
be simply extrapolated from single-stressor studies. When plants
are exposed to a combination of stressors, the resulting response
involves multiple pathways and cross-talk between different sen-
sors and signal transduction pathways (Mittler, 2006).
The physiological and proteome-level effects of growth at low
non-freezing temperature on the poplar metabolism have been
previously studied (Renaut et al., 2004, 2005). Such tempera-
ture treatment induces a speciﬁc response in poplar: the survival
Open access under CC BY-NC-ND license.rate is not affected but growth is almost completely arrested
and tolerance to subsequent freezing increases, i.e. the plants
acclimate. Cold acclimation involves metabolic changes in plant
tissues, a differential regulation of genes and proteins and the
icense.
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iosynthesis of distinctive metabolic products (Kaplan et al., 2004;
heocharis et al., 2012). Similar responses have been observed in
lants exposed to other abiotic stresses such as high-temperature,
etal(loid) excess, drought and salinity stresses (Salekdeh et al.,
002; Ahsan et al., 2009); studies on plants exposed to a combi-
ation of stresses however are scarce. Among the most important
pecies used to study the effects of cold on plants are rice and pea,
epresentatives of the most important crop groups, but also the
odel plants Populus sp. and Arabidopsis thaliana.
Organic and inorganic soil pollutantsof anthropogenicorigin are
idely distributed, and exposure to metal(loid) excess can affect
he yield of plants. The presence of a high labile, anthropogenic
admium (Cd) pool in soils is problematic; due to its toxicity it
epresents an important worldwide pollution concern. For plants
nd soil organisms direct toxic effects can occur while the transfer
f Cd from soil to edible plant parts, the main route of exposure
or humans is the consumption of Cd containing plants, makes
igh Cd concentrations in soil problematic for entire ecosystems.
admiumhas a high global emission,mainly stemming from indus-
rial activities but also from the application of contaminated sludge
nd phosphate fertilizers on agricultural soils (Satarug et al., 2003;
offoli et al., 2013). Once the intercellular concentration of Cd sur-
asses a species-speciﬁc threshold, for maize studied by Lagriffoul
t al. (1998), plants show toxicity symptoms including growth inhi-
ition in roots and shoots and necrosis (Dias et al., 2013). Cadmium
auses toxicity and damages cell metabolism in several ways. The
rst cause of Cd phytotoxicity is its high thiolate-afﬁnity, an afﬁn-
ty that triggers the inactivation of enzymes as Cd binds to cysteine
ulfhydryl-groups (Prasad, 1995;Mendoza-Cozatl et al., 2005). One
f the most prominent metabolic impacts of Cd-exposure is on
hotosynthesis both on the light phase, by damaging the photosyn-
hetic apparatus, but also on the dark phase, by inhibiting several
f its important enzymes (Andresen and Kupper, 2013; Sanita di
oppi andGabbrielli, 1999). Another phytotoxicity symptomof Cd-
xposure is the generation of intracellular oxidative stress. Unlike
ther metals such as Cu and Fe, Cd does not directly produce reac-
ive oxygen species such as hydrogen peroxide (H2O2), superoxide
nion (O2•−) and hydroxyl radical (•OH) (Romero-Puertas et al.,
004). Instead it has an effect on enzymes essential for the main-
enance of the cellular redox homeostasis (Cuypers et al., 2011). Its
ffect on the redox homeostasis is exacerbated by the chelation of
d by glutathione resulting in the depletion of cellular glutathione
ools (Clemens, 2006; Garnier et al., 2006; Márques-Garciá et al.,
012).
One way to study stress responses in plants is differential pro-
eomic analysis, which has been widely used to study the effects
f environmental stresses, e.g. cold (Amme et al., 2006), nutri-
ional/mineral deﬁciency or excess (Torabi et al., 2009; Durand
t al., 2010), high light (Phee et al., 2004), salinity (Kav et al.,
004), and ozone (Bohler et al., 2010). These studies highlighted
he impact of environmental constraints on the abundance of
roteins involved in various metabolic pathways and indicated
he increased abundance of typical stress-related proteins such
s pathogenesis-related protein (PR proteins), dehydrins and heat
hock proteins (Bassett et al., 2006; Durand et al., 2011).
This study focuses on proteomic changes in poplar plants
xposed to sub-optimal temperatures and/or to cadmium. The
ffects of both environmental constraints, as single stressor, on
oplar have been characterized, using a similar experimental setup
Renaut et al., 2004, 2005, 2006; Kieffer et al., 2008, 2009a, 2009b).
oplar, and more speciﬁcally Populus trichocarpa (Torr. & Grey) can
e considered as a model tree for biological and molecular stud-
es and its genome has been sequenced. In 2006 a draft genome
as published and is currently still being annotated and reﬁned
Yang et al., 2009). Trees from the genus Populus show economi-
ally important traits related to growth rate, wood properties andimental Botany 106 (2014) 112–123 113
paper quality which make it a potential renewable energy resource
(Sannigrahi et al., 2010).
The innovative aspect of this study is to combine both factors,
therebyallowing to separate cold- andcadmium-speciﬁc responses
frommore general stress-related responses. The discussion focuses
on those effects thatwere qualiﬁed as being either cold or cadmium
speciﬁc.
2. Materials and methods
2.1. Plant material, growth conditions and cadmium treatment
Poplar clones (Populus tremula L.) were multiplied in vitro in
controlled growth chambers (Kieffer et al., 2008). Rooting of in vitro
plants was followed by transfer and acclimation to hydroponic
culture in a modiﬁed ¼-strength Hoagland’s solution with a 16h
photoperiod and a light intensity of 150molm2 s−1 (Sylvania
Grolux Fluorescent lamps). The nutrient solution was changed on
a weekly basis. Plants having 22–24 leaves were divided in 2 sets;
the ﬁrst one as control while the nutritive solution of plants in the
second set was supplemented with CdSO4 up to a ﬁnal Cd concen-
tration of 20M. Cadmium treatment was carried out during 56
days. At day 28 the two sets (control and Cd-treated) were again
divided and half of the plants were grown for four more weeks at
4 ◦C (chilling) compared to control conditions (23◦/18◦ C day/night
temperature). Sampling was carried out on day 56, sampling was
done in the morning and all samples were collected in a minimum
of time to avoid biasing of the results. Immediately upon cutting
leaves from the same foliar stage (leaf number ﬁve counted from
the apex), the samples were stored in liquid nitrogen prior to start-
ing a proteome analysis. From each condition samples from four
trees were taken, thus corresponding to four biological replicates.
2.2. Growth measurements and visual symptoms
Growth of the plants during the experiment was monitored as
described previously (Kieffer et al., 2008). Visual symptoms (i.e.
appearances of chlorotic or necrotic spots, leaf abscission) were
also recorded during the course of the experiment.
2.3. Chlorophyll ﬂuorescence
Chlorophyll ﬂuorescence was measured on intact leaves (4th
fully expanded leaf from the top) after 30min of dark adaptation,
with a portable ﬂuorometer Handy PEA (Hansatech; King’s Lynn,
UK). The ﬂuorescence transients were measured within 5 s. F0 is
the initial ﬂuorescence emitted by antenna Chl a molecules. Fm is
the maximum total ﬂuorescence value during these 5 s. Fv = Fm − F0
and is the variable ﬂuorescence. Finally the Fv/Fm ratio was calcu-
lated. The Fv/Fm ratio represents the maximum quantum yield of
the primary photochemical reaction of PSII, and it has been shown
that environmental stresses that affect PSII lead to a characteristic
decrease in this ratio (Kocheva et al., 2004).
2.4. Soluble protein extraction and labelling
Protein extraction was performed as previously described
(Kieffer et al., 2008) with slight modiﬁcations. In brief, a whole
leaf (about 300mg of FW) was crushed in liquid nitrogen and
20% trichloroacetic acid and 0.1% (w/v) DTT in ice-cold ace-
tone was added to attain a total volume of 25mL and kept
overnight at −20 ◦C. After centrifugation for 45min at 35,000× g
(4 ◦C), the pellet was washed three times with ice-cold ace-
tone/0.1% (w/v) DTT before vacuum-drying the washed pellet.
Dried samples were resuspended in labelling buffer (7M urea, 2M
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hiourea, 4% (w/v) 3-[(3-cholamidopropyl)dimethylammonio]-1-
ropanesulfonate, 30mM Tris–HCl) and incubated for 1h at room
emperature. Prior to quantiﬁcation using the 2D Quant Kit (GE
ealthcare; Little Chalfont, UK) the pH of the lysate was adjusted
o 8.5. Protein extracts were labelled with the CyDyesTM (GE
ealthcare) prior to electrophoresis. Each sample and the inter-
al standard, a mixture of equal quantities of all the samples, were
abelled according to the manufacturer’s instruction. Twelve gels
ere run simultaneously, 4 per treatment corresponding to the
iological replicates, and a dye swap was used to avoid the effects
referential labelling may have on the analyses. An additional
10g of proteins were added to the 90g of labelled proteins,
iving a ﬁnal amount of 300g, on gels destined to be used for
rotein identiﬁcation.
.5. Bidimensional electrophoresis
Bidimensional electrophoresis was carried out in the same
onditions as previously described (Kieffer et al., 2008). Immo-
iline DryStrips (GE Healthcare, pH 4–7, 24 cm) were rehydrated
vernight before cup-loading of proteins and isoelectric focus-
ng (IEF) on an Ettan IPGphor Manifold (GE Healthcare). After
EF, the IPG strips were equilibrated twice in equilibration
uffer (6M Urea, 30% Glycerol, 75mM Tris–HCl (pH 8.8), 2%
DS) supplemented (1) with DTT (1%, w/v) and then (2) with
odoacetamide (2.5%, w/v). The second dimension was carried
ut on 12.5% acrylamide and 0.1% N,N′-methylenebisacrylamide
els (280mm×210mm×1mm) prepared with readymade acry-
amide/bisacrylamide solution (37.5:1) (Rotiphorese Gel 40, Roth;
arlsruhe, Germany) and casted in the Ettan DALT Twelve sys-
em gelcaster (GE Healthcare). The SDS-PAGE step was performed
n Ettan DALT Twelve separation unit (GE Healthcare). Gels were
canned using the Typhoon Imager 9400 (GE Healthcare) following
he recommendations provided by the manufacturer.
.6. Image analysis and protein identiﬁcation
Images were analyzed using the Decyder v6.05.11 software (GE
ealthcare). Thegel dedicated for spotpickingwas staineda second
ime, by overnight immersion in Sypro Ruby (BIO-RAD; Hercules,
A, USA). Fold change for the comparison of the spot intensities
etween different conditions was calculated based on the ratio of
he normalized, log-transformed spot intensities. The fold change
quals this ratio when the ratio is larger than 1, when the ratio is
elow 1 a negative value is obtained and the fold change is equal
o −1/ratio. Spots are considered to be of interest when the fold
hange is equal or higher than 1.5 or equal or below −1.5 and the
way-ANOVA for the corresponding factor gives a p-value below
.01. All the statistical data for the spots that compliedwith this are
epresented in Supplemental Table 1 and an image of the master
el used for picking is Supplemental Figure 1.
Supplementary material related to this article can be
ound, in the online version, at http://dx.doi.org/10.1016/
.envexpbot.2014.01.007.
Spots of interest were excised, digested, and the extracted pep-
ides spotted on a MALDI target plate using an Ettan Spot Handling
orkstation (GEHealthcare).MSandMS/MSspectrawereacquired
sing an Applied Biosystems 4800 Proteomics Analyzer (Applied
iosystems). The instrument was calibrated in MS-mode using
he 4800 calibration kit (Applied Biosystems) and in MS/MS using
n external calibration with fragments of Glu-ﬁbrinopeptide. For
ach spot an MS spectrum was acquired accumulating 1500 laser
hots and the eight highest peaks in this spectrum, excluding
nown contaminants as keratin and trypsin autocleavage prod-
cts, were automatically selected for MS/MS analysis. Each MS/MS
pectrum is the result of the accumulation of 3000 laser shots.imental Botany 106 (2014) 112–123
Proteins were identiﬁed by searching MS and MS/MS spectra
against the poplar EST database, downloaded from the NCBI server
(www.ncbi.nlm.gov), using an in-house MASCOT server (Matrix
Science, www.matrixscience.com, London, UK) on a GPS-explorer
platform (Applied Biosystems). Peak lists were extracted from the
spectra in themgf-format.A total ofmaximum200peakswitha sig-
nal to noise ratio of minimum 10 and a maximal peak density of 60
peaks per 200Dawere extracted for eachMS andMS/MS spectrum.
Searches were carried out using a mass window of 100ppm for
the precursor and 0.5Da for the fragments. The search parameters
allowed for carbamidomethylation of cysteine (ﬁxedmodiﬁcation),
oxidation of methionine, as well as tryptophan to kynurenine and
double oxidation of tryptophan to N-formylkynurenine. Homology
identiﬁcation was retained with a probability set at 95%. Identi-
ﬁcations were validated manually as previously described (Printz
et al., 2013). When a peptide was positively matched to an EST the
sequence was used in a blast sequence alignment and the protein
with the highest, signiﬁcant homology (Expect value <1e-20) with
annotated functionwas added in the identiﬁcation tables. A protein
was only considered identiﬁed when two peptides matched with a
score above the MASCOT-calculated homology threshold.
3. Results
All the treatments induced signiﬁcant changes in the growth of
the main axis and the physiological parameters. The application
of the stresses, singly and in combination, allowed distinguishing
proteome-level changes as general stress-responsive as speciﬁed
in the above or due to one of the speciﬁc stressors. Those that can
be considered, based on our results, as being part of a more general
stress response will brieﬂy be discussed.
3.1. Growth characteristics
Chilled control plants experienced complete growth inhibition
(Fig. 1), similar to what has been described before (Renaut et al.,
2004). Plants exposed to 20M Cd showed a strongly reduced
growth starting as early as day7but continued to growsigniﬁcantly
betweenday28and56 (Fig. 1) (Kieffer et al., 2009a, 2009b). In apre-
vious study using the same clone and the same conditions a gradual
increase in the leaf Cd content with prolonged exposure was noted
(Kieffer et al., 2008). Plants subjected to the combined cold/Cd
treatment showed an absolute growth inhibition (Fig. 1). These
observations conﬁrm previous ﬁndings for Cd-stressed poplar, i.e.
severe growth inhibition together with the occurrence of necrosis
on the youngest leaves, but no chlorosis. When only submitted to
the cold stress, plants showed the ﬁrst signs of chlorosis around
leaf veins and a complete growth inhibition. Plants exposed to the
combined stressors had serious injuries, with important chlorotic
spots and necrosis on young leaves, as well as senescence of the
older leaves.
The chlorophyll ﬂuorescence of plants from the four groups
was measured on day 56 (Fig. 2). These results conﬁrm the
visual observations; single Cd treatment had no quantiﬁable effect
on chlorophyll ﬂuorescence, even after 56 days. Cold treatment
resulted in a slight decrease of the Fv/Fm ratio, concurrent with the
chlorosis on these leaves. However, in the combined treatment,
chlorotic symptoms were stronger, and a high impact on Fv/Fm was
observed.
3.2. Proteomics analysisApproximately 1100 out of the 1500 protein spots detected on
all gels could be matched. A representative gel of the experiment,
with the differentially expressed spots annotated, is added as Sup-
plemental Figure 1. A 2-way ANOVA identiﬁed 323 spots as being
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Day 3 Day 7 Day 15 Day 28 Day 56
Control 0.86±0.50 (a) 2.66±1.1(b) 7.03±2.39 (c) 13.98±4.22 (d) 30.68±6.25 (e)
Control + Cold 13.02±5.21(d)***
Cadmium 0.64±0.35 (a) 1.94±0.83(b)* 2.60±1.17(c)*** 3.04±1.09(c)*** 6.07±2.88(d)***
Cadmium + Cold 2.60±1.00 (c)***
Time (d)
3 7 15 28 56
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Fig. 1. Growth in cm since day 0 of poplar exposed to the different conditions at the days 3, 7 and 14 and 28 for control and cadmium-exposed plants and at day 56 for all
treatments. Letters (a, b, c, and d) in the table indicate a signiﬁcant difference between sam
difference (t-test: *p<0.05, ***p<0.001) between a treatment and the control condition o
Fv/Fm
0
0.2
0.4
0.6
0.8
1
Control Control/Cold Cadmium Cadmium/Cold
F
v
/F
m
* *
Fig. 2. Fv/Fm ratio calculated after 56 days of the experiment for poplar exposed to
the different treatments. Values are the mean values for four independent measure-
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jents. * Indicates a signiﬁcant different (p<0.05 Student’s t-test) between control
nd treated plants.
ifferentially abundant for the different treatments; the statistical
ata for these 323 spots are represented in Supplemental Table 1. A
rinciple component analysis (PCA) was done to cluster the differ-
nt gel images using the EDA-module of the Decyder software (GE
ealthcare) (Fig. 3), resulting in the clear separation of the plants
xposed to the different treatments. The ﬁrst axis, explaining 44.1%
f variation, separates the Cd-treated from the other samples. The
econd principle component separates the four groups of plants
explaining 29.6% of variation, both axes explain a cumulative vari-
nce of 73.7%).
These 323differential spotswere submitted toMS-based identi-
cation. Sincewith the used approach the observed fold-change for
spot is the sumof the foldchanges forall proteins in this spot, spots
herein we could identify more than one protein were excluded
rom biological interpretation. This results in the signiﬁcant iden-
iﬁcation of 174 spots containing 1 protein (all the identiﬁcation
ata are represented in Supplemental Table 2).
Supplementary material related to this article can be
ound, in the online version, at http://dx.doi.org/10.1016/
.envexpbot.2014.01.007.pling dates in the same group (control or cadmium). Asterisks indicate a signiﬁcant
n a speciﬁc sampling date.
Based on the spot-volume proﬁle, the spots were separated in
four groups; those changing in the same direction independent of
the applied stressor or only signiﬁcantly changing when exposed
to the combined response (Stress responsive, Supplemental Table
3). Those changing in volume when the plants are exposed to cold
(cold responsive, Table 1), those changing in abundance when the
plants are exposed to Cd (Cd responsive, Table 2) and ﬁnally those
changing in a different direction depending on the applied stressor
(opposite responsive, Table 3).
Supplementary material related to this article can
be found, in the online version, at http://dx.doi.org/
10.1016/j.envexpbot.2014.01.007.
Among these, 41 spotswere classiﬁed as cold responsive (Fig. 4).
Most of these spots (32) showed a higher volume in exposed plants
and the proteins are involved in various metabolic functions: the
most important being protein metabolism and stress response
(Table 1).
There were 54 spots classiﬁed as stress responsive (Supple-
mental Table 3). They either showed the same response regardless
of the stresses or were only differently expressed in the Cd/cold
treatment. Again most of these proteins (44) showed an increased
abundance and were involved in carbohydrate metabolism (TCA
cycle, glycolysis, pentose phosphate pathway), and in protein syn-
thesis/degradation. The highest number of differentially expressed
proteins (73) was qualiﬁed as Cd-responsive (Table 2). This rela-
tively high numbermay be explained by the long duration of the Cd
stress (56 days), the gradual deteriorationwhen plants are exposed
to Cd for prolonged periods and the important phytotoxic effect of
Cd (Wahid et al., 2009; Kieffer et al., 2009a; Durand et al., 2011).
For spots classiﬁed in this group, the intensity of about the same
number of spots increased (38) and decreased (33). Again proteins
belonged tomultiplemetabolic functions: Proteins involved in glu-
tamine metabolism are important as are proteins involved in sugar
metabolism, protein folding and proteolysis. Most of the spots of
lower intensity in Cd-exposed plants contain proteins involved in
protein biosynthesis and proteins involved in the maintenance of
the cellular structure.
116 K. Sergeant et al. / Environmental and Experimental Botany 106 (2014) 112–123
F d as described in Section 2, Supplemental Figure 1 & Supplemental Table 1). Left panel
s istributed in the plane of the two principal components. PC1 explain 44.1% of the variation
a ion. The right panel shows the distribution of the proteins, according to the two axes.
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big. 3. PCA analysis based on the 323 differentially expressed proteins (determine
hows the distribution of the different spotmaps from the experimental groups as d
nd PC2 29.6, resulting in a representation of an accumulated 73.7% of all the variat
Nine proteins showed a behaviour which could be qualiﬁed as
pposite, increasing in abundance when treated with one environ-
ental factor, butdecreasing in leaf samples fromplants exposed to
he other stressor (Table 3). In the combined treatment, the protein
bundance was in several cases an overlay of the changes observed
n the single stress situations. The volume of a spot containing
dehydrin (spot 136 Table 3) increased 15-fold in cold-exposed
lants but the same spot decreased 2-fold in cadmium exposed
lants. When plants were exposed to both factors a moderate
ncrease in volume of about 2.2 fold was noted. Spots which were
ess abundant in Cd- and more abundant in cold-exposed plants
ncluded proteins involved in photosynthesis and protein folding.
n contrast, proteins more abundant only in Cd-treated samples
elong to the class of PR-proteins (Table 3).
. Discussion
The effects of cold and cadmium exposure, singly and in combi-
ation, on youngpoplar plants are presented. The chronic cadmium
tress (20M during 56 days) was combined or not with an
xposure to chilling temperatures during the last 4 weeks of the
xperiment. Chilling consists in the exposure of plants to subopti-
al, non-lethal temperatures and is knownto induceacclimation in
oplar (Renaut et al., 2006;Wisniewski et al., 2006).When exposed
ochilling, plants adapted to temperate climatesundergometabolic
nd physiological changes inducing an increased tolerance to sub-
equent exposure to even lower temperatures. This involves in
articular the synthesis and cellular accumulation of cryoprotec-
ive molecules such as proline, rafﬁnose and sucrose (Wisniewski
t al., 2006), but also hormonal changes and the expression of genes
oding forgrowth-restrainingproteins, resulting in stuntedor com-
letely arrested growth (Thomashow, 2010). Exposure to chilling
lso induces the generationof reactive oxygen species (ROS) (Zhang
t al., 2011), resulting in cytotoxic conditions that affects plant
etabolism by provoking oxidative damage to lipid, proteins, and
ucleic acid, and to prevent this enzymatic systems are activated
Apel and Hirt, 2004; Suzuki et al., 2012).
The response of this poplar cultivar to a cold exposure has
een reported (Renaut et al., 2004, 2005, 2006). In short, after aFig. 4. Venn diagram representation showing the overlap of the groups of identiﬁed
differentially expressedproteins (increase or decrease in abundance) for Cd and cold
stresses, singly and their combination.
low-temperature exposure plants showed a growth inhibition, a
change in colouration in the upper stem part, conjointly with a
decrease of PSII efﬁciency (characterized by a decrease in Fv/Fm),
whereas pigment content in leaves did not vary (Renaut et al.,
2005). Proteomic results showed a large proportion of proteins
with an increased abundance in response to the cold treatment.
Changes occurred for typical stress responsive proteins (chap-
eronins, heat-shock proteins, dehydrins and late embryogenesis
abundant proteins) as well as ROS-detoxifying enzymes and pro-
teins involved in stress signalling and transduction. As expected
most of the stress-responsive proteins increase and this for pro-
teins involved in protein stabilization as for proteins involved in
defence against oxidative stress, conﬁrming what is described for
other plant species exposed to cold stress (Taji et al., 2002; Rabbani
et al., 2003; Amme et al., 2006).
The effects of a short-term and a long-term (up to 56 days) Cd
exposure have been reported in leaves and roots of poplar plants
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Arisi et al., 2000; Laureysens et al., 2005; Kieffer et al., 2009b;
ietrini et al., 2009;Wuet al., 2010; Zacchini et al., 2011). In general,
d negatively affects growth, net photosynthesis, pigment con-
ent in various degrees depending on the cultivar. However certain
oplar cultivars have remarkable shoot-to-root Cd ratios, making
ertain them candidates for phytoremediation (Laureysens et al.,
005;Pilipovic et al., 2005;Durandet al., 2010), althoughﬁeld-scale
onﬁrmation is generally lacking.
The physiological changes in this study agree with those
escribed in literature. In the Cd-exposed plants there was an
able 1
igniﬁcantly identiﬁed cold-responsive spots ordered by metabolic function.
Spota Cd/Cntb Ch/Cntb
Cd-
Ch/Cntb EST accc NCBI accessiond
Carbohydrate Metab
363 -1.11 2.28 1.94 gi|73879184 gi|2501356
710 -1.04 1.86 1.72 gi|73876162 gi|82659609
863 -1.18 1.53 1.49 gi|73867774 gi|41350641
1380 1.41 1.88 1.73 gi|90190663 gi|77416931
2123 1.47 1.54 2.6 gi|55734989 gi|1354515
Pentose phosphate pa
911 1.13 1.63 1.93 gi|73894147 gi|2529229
Glycolysis
743 1.3 3.04 2.12 gi|24102975 gi|119355
Methionine metabo
276 -1.28 3.09 1.18 gi|46842628 gi|224125928
299 1.18 1.93 1.25 gi|27414927 gi|8439545
303 1.17 2.39 1.41 gi|46842628 gi|23397103
312 1.18 2.56 1.71 gi|60693512 gi|6716760
313 1.12 2.44 1.79 gi|38598218 gi|113473614
ATP synthesis
458 1.33 1.88 1.7 gi|46839514 gi|6721571
682 -1.17 -1.82 -2.12 gi|60210806 gi|56784991
Photosynthesis
1647 -1.38 -1.65 -2 gi|52536292   gi|119905 
1842 -1.08 -2.36 -2.24 gi|27410498   gi|11134054 
1844 -1.13 -2.56 -2.09 gi|73903298     gi|11134054 
2109 -1.24 -2.02 -2.17 gi|55734471   gi|28558077 
2172 -1.09 -3.39 -2.95 gi|38584517   gi|131390 
Phospholipid metabo
227 1.15 2.21 1.52 gi|56816860  gi|125711079 
1037 -1.24 2.09 1.28 gi|14489498   gi|7576943 
Protein synthesis, folding an
373 1.39 1.85 2.1 gi|23969586  gi|18424970 
392 1.15 3.2 2.52 gi|27412706  gi|45331283 
393 1.25 3.52 2.6 gi|27415806 gi|26985221 
395 -1.18 1.75 1.33 gi|38576205  gi|461999 
398 -1.23 3.61 3.48 gi|27412706   gi|6969976 
406 -1.06 2.15 1.51 gi|27419263   gi|108864707 
409 1.03 2.1 1.46 gi|24102896    gi|3986110 
878 -1.04 1.61 1.27 gi|60703947  gi|90101285 
922 1.3 2.22 1.87 gi|73891442    gi|2500517 
1537 -1.12 1.57 1.26 gi|24070123   gi|6984134 
2117 -1.11 2.31 1.51 gi|24064006  gi|1944319 
RNA metabolism
882 1.41 1.74 1.7 gi|52390805  gi|186522071 
Response to stress (dehydrins
1906 -1.47 11.88 1.76 gi|18017497   gi|161897791 
2280 1.32 1.64 1.65 gi|24063031   gi|77744871 
2282 1.34 2.62 2.81 gi|24063031   gi|77744871 
Oxidoreductase activity (oxidative
1715 1.04 1.5 1.86 gi|52401141  gi|193733171 
2213 1.03 -2.99 -2.05 gi|28609958   gi|42795443 imental Botany 106 (2014) 112–123 117
early-onset loss of growth after 7 days of treatment, but the plants
continue to grow (Fig. 1). Once the chilling treatment is added
a complete arrest of growth is observed in both cold-treatment
conditions. Similarly, Cd-exposure alone has no effect on the pho-
tosynthetic capacity of the plants, as was observed by Pietrini
et al. (2009). The cold treatment resulted in a signiﬁcant decrease
in the Fv/Fm ratio and a concomitant decrease in the abundance
of proteins related to the light phase of photosynthesis, notably
oxygen-evolving enhancer proteins (spots 1842, 1844 & 2172,
Table 1), chlorophyll binding proteins (spot 2109) and a protein
Name/Functione
olism
Transketolase, chloroplast precursor (TK)
UDP-glucose pyrophosphorylase 
ADP-glucose pyrophosphorylase small subunit
UDP-glucose:protein transglucosylase-like 
carbonic anhydrase
thway 
6-phosphogluconate dehydrogenase [Glycine max]
Enolase 1 
lism
vitamin-b12 independent methionine synthase
methionine synthase [Solanum tuberosum]
vitamin-b12 independent methionine synthase
methionine synthase [Coffea arabica]
methionine synthase [Phelipanche ramosa]
vacuolar H+-ATPase A subunit [Citrus unshiu]
putative ATP synthase beta subunit [O. sativa Group]
 Ferredoxin--NADP reductase, leaf, precursor  
Oxygen-evolving enhancer protein 1, precursor (OEE1)  
Oxygen-evolving enhancer protein 1, precursor (OEE1)  
Chlorophyll a-b binding protein CP26, precursor  
Oxygen-evolving enhancer protein 2, precursor (OEE2)  
lism 
phospholipase D alpha [Gossypium hirsutum] 
glycerol-3-phosphate acyltransferase [E. guineensis] 
d proteolysis  
peptidase M3 family protein / thimet family protein  
70 kDa heat shock cognate protein 2 [Vigna radiata] 
 non-cell-autonomous heat shock cognate protein 70  
Elongation factor G, chloroplast precursor (EF-G) 
high molecular weight heat shock protein 
Heat shock cognate 70 kDa protein  
heat shock protein 70 cognate [Salix gilgiana] 
Elongation factor 1-gamma 2 (EF-1-gamma 2)  
Eukaryotic initiation factor 4A-9 (eIF-4A-9)  
 60S acidic ribosomal protein PO [Euphorbia esula] 
cysteine proteinase inhibitor [Glycine max] 
 
DEAD/DEAH box helicase, putative (RH15)  
 and  lipocalins) 
cold-acclimation specific protein 15 [M. truncatula] 
temperature-induced lipocalin' [Populus balsamifera] 
temperature-induced lipocalin' [Populus balsamifera] 
 stress response) 
iron-superoxide dismutase [Dimocarpus longan] 
methionine sulfoxide reductase A  
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2381 1.27 1.97 2.33 gi|52402357  gi|33308408  glutathione peroxidase [Malus x domestica] 
Cell structure/cell wall 
1082 -1.2 -1.81 -2.54 gi|50070288   gi|156467287 actin [Prunus salicina] 
Storage 
1405 1.07 2.21 6.67 gi|60700081      gi|21593610 globulin-like protein [Arabidopsis thaliana] 
a Spot number corresponding to the master gel shown as Supplemental Figure 1.
b Fold change calculated between the different conditions, the statistical data are represented in Supplemental Table 1, signiﬁcant changes are highlighted in red. Cd: cadmium
treatment, Cnt: control treatment, Ch: cold/chilling treatment, Cd-Ch: combined cadmium and cold treatment. Fold change is calculated as described in the section 2.
c EST acc: highest scoring EST accession on which the identiﬁcation was based, all identiﬁcation data can be found in supplemental table 2.
d NCBI accession: protein of known function with the highest homology to the identiﬁed EST sequence.
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rName/function: functional annotation of the NCBI accession with the highest hom
romtheelectron transport chain (ferredoxin-NADPreductase, spot
647, Table 1).
The innovative aspect of this study is to combine two envi-
onmental constraints already well-characterized on the used
ultivar in identical experimental setups: a cadmium stress expo-
ure and a cold treatment. The data presentation and the discussion
herefore focus on observations classiﬁed as being cadmium-
r cold-speciﬁc. The spots classiﬁed as stress-responsive (Sup-
lemental Table 3) give a picture of the plants using available
arbon-sources through the glycolysis and TCA-cycle to gener-
te the required energy and carbon-skeletons for coping with the
mposed stress. Simultaneously proteins involved in the mainte-
ance of protein function (chaperones and disulphide isomerases)
re of higher abundance, representing a classical stress response.
he fold changes formost spots arehigher after the coldandCd/cold
reatments compared to those measured for the single Cd treat-
ent, mirroring the gravity of the morphological and physiological
bservations.
In thegroupofproteins involved inprotein stability and function
he cold responsive proteins are dominated by heat shock proteins
HSP). Plants respond to high or low temperatures by inducing
he synthesis of this group of evolutionarily conserved polypep-
ides (Sabehat et al., 1998). Low temperatures, as experienced in a
hilling treatment, may impair protein structure and function, and
n response molecular chaperones, like HSPs, accumulate (Hewezi
t al., 2006). HSPs are involved in many protein-related processes,
ike translation, translocation, refolding of stress-denatured pro-
eins and the prevention of aggregation of denatured proteins and
re overexpressed under a wide range of stress conditions includ-
ng low temperatures (Zhang et al., 2012) and Cd stress (Durand
t al., 2010). In this study, ﬁve spots containing HSPs were clas-
iﬁed as cold-responsive (spot numbers: 392, 393, 398, 406, and
09; Table 1) and a fold change from 2.1 to 3.6 was found. The HSPs
lassiﬁed as being Cd-speciﬁc (spot 538 and 2114, Table 2) are of
ower abundance in the Cd and in the combined treatments. Other
roteins known to assist in the folding of nascent proteins and in
he refolding of denatured proteins such as protein disulphide iso-
erases are classiﬁed as being stress-responsive (spot 531 and536,
upplemental Table 3).
The major Cd-speciﬁc changes in protein metabolism are
elated to organellar proteins. Six spots containing mitochondrial
rocessing peptidases are of higher volume in Cd-treated plants.
lthough twoof theseare classiﬁedasbeing stress-responsive (spot
15 and 654) the fold changes for the Cd and combined treatments
re higher than those for the cold treatment, indicating that Cd
xcess is a higher inducing factor than the chilling exposure. The
pots 660, 669, 774 and 779 containing mitochondrial processing
eptidases, a protein that catalyses the ﬁrst step of the two-step
emoval of mitochondrial transit peptides (Amata et al., 2011), areto the EST.
Cd-responsive. Fold changes in the Cd-responsive group agreewith
the fact that the alpha and beta chain form a 1 to 1 heterodimer,
with the active, Zn-binding site found in the beta chain (Tan et al.,
2010; Teixeira and Glaser, 2013). The increased abundance of the
components of this complex might be related to the higher need
for mitochondrial import. Such increase of several mitochondria-
localized proteins is plausible from the results, for instance several
proteins involved in the TCA cycle increase in abundance, and the
increase in abundance is higher in the Cd- and combined treat-
ments compared to the cold treatment, although in the latter some
isoforms increase signiﬁcantly (Heading TCA cycle, Supplemental
Table 3). However given the known possibility of Cd to displace
Zn, overproduction of the mitochondrial processing peptidases
to ensure proper functioning of mitochondrial protein import is
possible.
The abundance of several proteins related to chloroplastic
protein metabolism decreased, a 30S ribosomal protein in the Cd-
stressed leaves (spots 1045, 1049) while another spot containing
the same protein was qualiﬁed as stress responsive (spot 1048).
Another component of the chloroplast ribosome (L12-A subunit,
spot 2497) also decreases signiﬁcantly for Cd-stressed plants. Two
chloroplastic elongation factors the EF-Tu (spot 1088) and EF-G,
spots 254 and 255, also decrease in abundance in Cd-exposed
plants, while one isoform of the latter EF is classiﬁed as stress-
responsive (spot 256) and another increases in cold exposed plants
(spot 395, Table 1). These observations indicate that chloroplast
protein synthesis is lower under Cd-stress; less ribosomal proteins
are present, spots containing chloroplast-speciﬁc elongation fac-
tors decrease in intensity and a chloroplast chaperone (spot 2114,
Table 2)also signiﬁcantly decreases in abundance in Cd-treated
plants.
Inﬂuence of the stress conditions is also observed in the abun-
dance proﬁles of the different proteases identiﬁed in this study.
The abundance of the thimet-family protein (spot 373 and 368,
respectively cold- and stress-responsive) increases in all stress con-
ditions. The protein with the highest homology in A. thaliana is
involved in the degradation of cleaved-of mitochondrial transit
peptides (Kmiec et al., 2013), supporting the hypothesis of changes
inmitochondrial protein import. Another proteolytic enzyme iden-
tiﬁed as being more abundant in Cd-stressed plants, alone or in
combination, is a putative S9 tyrosyl aminopeptidase (spots 326
and 327, Table 2). This is a chloroplastic aminopeptidase with a
currently unknown function although its enzymatic properties are
partially characterized (Tsuji et al., 2011). Finally a vacuolar cys-
teine protease was found to be more abundant (spot 1914, Table 2
Cd-responsive proteins); an Arabidopsis homologue of this EST
sequencewas the second tomost abundant EST in senescent leaves
(Gou et al., 2004), and was later found to be a determinant in the
onset of senescence.
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A group of proteins exclusively responsive to the cold treat-
ent are dehydrins and lipocalins. Lipocalins are a large and
iverse family of transporter proteins, which can bind small, nor-
ally hydrophobic molecules. A speciﬁc class of these lipocalins
xhibits a temperature-induced behaviour (Frenette Charron et al.,
able 2
igniﬁcantly identiﬁed cadmium-responsive spots ordered by metabolic function.
Spot
a
Cd/Cnt
b
Ch/Cnt
b
Cd-
Ch/Cnt
b
EST acc
c
NCBI accession
d
Carbohydrate metabolism
1003 -1.95 1.09 -1.85 gi|24104604 gi|119855475
1326 -1.74 1.02 -1.07 gi|73869561 gi|56122688
1494 -3.52 -1.09 -3.76 gi|60101632
2060 -1.75 -1.49 -1.46 gi|60696912 gi|1351271
2119 -3.38 -1.36 -1.26 gi|55734989 gi|1354515
2162 -2.53 -1.43 -1.24 gi|55734989 gi|1354515
TCA cycle
518 2.73 1.42 2.77 gi|27411127 gi|1346485 
1039 3 1.25 2.2 gi|24062185 gi|1648926  
Glycolysis
1243 2.17 1.14 2 gi|52515857 gi|7529717
1362 2.24 -1.37 -1.29 gi|57894772 gi|4539543
Glyoxylate and dicarboxylate meta
847 2.08 1.33 2.11 gi|73889374 gi|18420071
1256 2.45 1.35 3.61 gi|38593943 gi|38636526
ATP synthesis
699 1.61 1.11 2.06 gi|58309342 gi|162279935
709 1.63 -1.08 1.58 gi|56829456 gi|84028177
1218 -1.67 -1.35 -1.1 gi|73924310 gi|12585488 
Nitrogen Metabolism
1080 -2.97 1.02 -1.69 gi|52530825 gi|154017627
1140 5.79 1.05 3.52 gi|90186936 gi|149938956
1161 3.91 1.46 4.08 gi|90186936 gi|149938956
1253 2.97 -1.35 1.08 gi|73870318 gi|159138927
1262 7.78 1.12 3.05 gi|73870318 gi|159138927
1263 2.18 1.02 1.38 gi|7387471 gi|17079551
1267 4.34 1.49 3.4 gi|73901449 gi|2811030
1308 3.11 -1.12 1.53 gi|73874711 gi|1707955
Amino acid metabolism
464 1.96 -1.01 1.49 gi|46838212 gi|134142800
2173 2.68 1.05 2.54 gi|52495144 gi|15234757
Fatty  acid metabolism
859 -2.35 -1.35 -1.86 gi|73883611 gi|145910320
870 -1.67 -1.22 -1.67 gi|5251097 gi|32193618
1521 -2.12 -1.1 -1.7 gi|24018718 gi|2204234
Protein synthesis, folding and pro
234 -2.46 -1.31 -1.73 gi|5570051 gi|290282874
254 -1.74 1.19 -1.38 gi|50059919 gi|461999
255 -2.26 1.29 -1.21 gi|73934642 gi|461999
326 2.26 1.35 1.56 gi|73884362 gi|145358557
327 1.92 1.46 2.06 gi|7388436 gi|1453585572
538 -2.18 1.11 -1.82 gi|73874292 gi|2506277 
660 1.87 1.22 1.98 gi|27417227 gi|12802327
669 1.96 1.28 1.85 gi|38587742 gi|12802327
774 1.82 1.03 1.29 gi|5006458 gi|578994801
779 1.78 1.33 1.85 gi|50064581 gi|266567
979 -1.88 1.14 -2.08 gi|50061059 gi|97536398
1045 -1.57 -1.32 -1.91 gi|56834459 gi|133872
1049 -2.4 -1.1 -2.08 gi|5683445 gi|1338729
1088 -1.81 -1.1 -1.52 gi|24019458 gi|2494261
1914 1.86 -1.13 1.83 gi|33183534 gi|151547430
2114 -2.47 -1.21 -2.28 gi|24018271 gi|50660327
2497 -4.43 -1.46 -2.37 gi|5683472 gi|152322745
Pathogenesis-related proteins (respon
1577 9.87 -1.2 14.01 gi|14490938 gi|189047086 
1665 2.52 1.01 2.97 gi|9018782 gi|69602148imental Botany 106 (2014) 112–123 119
2002). Low temperatures cause a loss in membrane ﬂuidity. A
role of lipocalin in the transport and insertion of steroids in the
membrane has been proposed, and therefore can have a posi-
tive effect on membrane ﬂuidity during cold exposure (Frenette
Charron et al., 2002). Here 2 isoforms of lipocalins showed a
Name/Function
e
RuBisCo activase 
chloroplast latex aldolase-like protein [M esculenta]
RuBisCo large subunit [Duguetia sooretamae]
Triosephosphate isomerase, chloroplast precursor 
carbonic anhydrase
carbonic anhydrase
NADP-dependent malic enzyme (NADP-ME)
citrate (si)-synthase [P. trichocarpa x P. deltoides]
fructose bisphosphate aldolase-like protein [A thaliana]
glyceraldehyde-3-phosphate dehydrogenase 
bolism
formamide amidohydrolase, putative [Arabidopsis 
formate dehydrogenase [Quercus robur]
ATPase subunit 1 [Beta vulgaris subsp. vulgaris]
ATP synthase subunit beta, mitochondrial precursor
Vacuolar proton pump subunit C 
plastid glutamine synthetase 2 [Spinacia oleracea]
GDH1 [Actinidia chinensis]
GDH1 [Actinidia chinensis]
glutamine synthetase [Gossypium raimondii]
glutamine synthetase [Gossypium raimondii]
Glutamine synthetase cytosolic isozyme 1 
Glutamine synthetase (GS(1)) 
Glutamine synthetase cytosolic isozyme 1 
mitochondrial gly decarboxylase complex P-protein 
fumarylacetoacetate hydrolase family protein
chloroplast biotin carboxylase [Gossypium 
hirsutum]
biotin carboxylase precursor [Glycine max]
enoyl-ACP reductase [Nicotiana tabacum]
teolysis
subtilase [Casuarina glauca]
Elongation factor G, chloroplast precursor (EF-G)
Elongation factor G, chloroplast precursor (EF-G)
putative S9 Tyrosyl aminopeptidase [A. thaliana]
putative S9 Tyrosyl aminopeptidase [A. thaliana]
RuBisCO large subunit-binding protein subunit beta
mitochondrial processing peptidase beta subunit
mitochondrial processing peptidase beta subunit 
putative mitochondrial processing peptidase 
Mitochondrial-processing peptidase subunit alpha
Eukaryotic initiation factor 4A-1 (eIF-4A-1) 
30S ribosomal protein S1, chloroplast precursor
30S ribosomal protein S1, chloroplast precursor 
Elongation factor Tu, chloroplast precursor (EF-Tu)
cysteine protease Cp [Citrus sinensis]
chloroplast chaperonin 21 [Vitis vinifera]
RPL12-A (RIBOSOMAL PROTEIN L12-A)
se to stress)
beta-1,3-glucanase [Lotus japonicus]
beta-1,3 glucanase [Populus x canescens]
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1800 15 -1.46 6.35 gi|14490673 gi|4585273 pathogenesis-related protein [Pisum sativum]
1879 3.35 1.08 2.66 gi|73901281 gi|1800141 class I chitinase [Medicago sativa]
Oxidoreductase activity (oxidative stress response)
668 2.04 1.47 1.41 gi|57895124 gi|73647621 aldehyde dehydrogenase [Vitis pseudoreticulata]
683 2.25 1.37 2.11 gi|57895124 gi|73647621 aldehyde dehydrogenase [Vitis pseudoreticulata]
827 3.43 1.25 2.05 gi|90190248 gi|14031049 peroxidase [Nicotiana tabacum]
1974 -3.82 -1.12 -1.87 gi|24103693 gi|15227040 tropinone reductase/tropine dehydrogenase 
2184 -2.75 -1.15 -1.36 gi|24099936 gi|108706051 Glutathione S-transferase
2285 4.86 1.39 5.28 gi|57892701 gi|8885593 1,4-benzoquinone reductase-like
Cell structure and cell wall
776 -2.06 1.04 -1.87 gi|52501010 gi|161334798 alpha tubulin [Picea wilsonii]
1090 -2.58 -1.19 -2.28 gi|52509671 gi|5230841 actin [Malva pusilla]
1096 -1.75 -1.2 -1.59 gi|52509671 gi|5230841 actin [Malva pusilla]
1759 3.29 -1.34 2.6 gi|23996051 gi|124109183 xyloglucan endotransglycosylase/hydrolase
1770 2.3 1.14 3.97 gi|24103038 gi|124109183 xyloglucan endotransglycosylase/hydrolase
Cell signaling/Regulation
1211 1.57 -1.26 1.41 gi|46835686 gi|79324937
serine/threonine protein kinase, putative [A. 
thaliana]
1653 3.37 1.47 3.68 gi|60707115 gi|28971968
CHP-rich zinc finger protein-like [O. sativa Jap. 
Group]
1813 -2.01 -1.08 -1.33 gi|73894755 gi|8099063 14-3-3 protein [Populus x canescens]
Miscelleanous
829 -3.93 1.09 -2.2 gi|46841726 gi|118488649 unknown [Populus trichocarpa]
968 -2.67 1.43 -1.6 gi|24062733 gi|19875 glutamate-1-semialdehyde 2,1-aminomutase
1044 -2.1 1.08 -1.82 gi|27418192 gi|80973462 GDP-D-mannose-3',5'-epimerase [Malpighia glabra]
1113 1.6 -1.1 1.62 gi|38582037 gi|6177796 senescencs-related protein [Pyrus pyrifolia]
1193 -1.63 1.16 -2.38 gi|24099267 gi|118486160 unknown [Populus trichocarpa]
1406 -1.88 -1.33 -1.67 gi|52378763 gi|32746733
mRNA-binding protein precursor [Nicotiana 
tabacum]
1688 -4.22 1 -2.49 gi|73871179 gi|158564570 CXE carboxylesterase [Paeonia suffruticosa]
1902 -1.64 -1.08 -1.05 gi|56816733 gi|21537410 3-beta hydroxysteroid dehydrogenase/isomerase 
a Spot number corresponding to the master gel shown as Supplemental Figure 1.
b Fold change calculated between the different conditions, the statistical data are represented in Supplemental Table 1, signiﬁcant changes are highlighted in red. Cd: cadmium
treatment, Cnt: control treatment, Ch: cold/chilling treatment, Cd-Ch: combined cadmium and cold treatment. Fold change is calculated as described in Section 2.
c EST acc: highest scoring EST accession on which the identiﬁcation was based, all identiﬁcation data can be found in the Supplemental Table 2.
d NCBI accession: protein of known function with the highest homology to the identiﬁed EST sequence.
e Name/function: functional annotation of the NCBI accession with the highest homology to the EST.
Table 3
Signiﬁcantly identiﬁed spots with opposite responses between cadmium and cold stressed poplar.
Spota Cd/Cntb Ch/Cntb
Cd-
Ch/Cntb EST accc NCBI accessiond Name/Functione
Photosynthesis
787 -2.43 1.53 1.56 gi|110227087 ribulose-1,5-bisphosphate carboxylase/oxygenase LS
991 -1.98 1.6 -1.61 gi|52397711 gi|94549022 RuBisCo activase
Protein synthesis, folding and proteolysis
117 -2.31 4.19 1.36 gi|52509246 gi|30699465 heat shock protein 70, putative / HSP70, putative 
Pathogenesis-related proteins (response to stress)
136 -1.94 15.74 2.18 gi|24065383 gi|29120045 putative dehydrin [Populus x canadensis]
1583 5.62 -1.95 3.92 gi|38584887 gi|87042321 beta-1,3-glucanase [Mangifera indica]
1794 1.59 -1.9 -1.16 gi|60697891 gi|151347473 hypersensitive-induced response protein
1952 -1.56 14.56 2.12 gi|24065920 gi|625155 cold stress protein
Oxidoreductase activity (oxidative stress response)
1478 -2.35 1.59 -1.39 gi|23976210 gi|15220854 oxidoreductase, Zn-binding dehydrogenase 
Miscelleanous
1205 3.26 -1.85 1.04 gi|38594604   gi|15242458  GDSL-motif lipase/hydrolase family protein 
a Spot number corresponding to the master gel shown as Supplemental Figure 1.
b Fold change calculated between the different conditions, the statistical data are represented in Supplemental Table 1, signiﬁcant changes are highlighted in red. Cd: cadmium
treatment, Cnt: control treatment, Ch: cold/chilling treatment, Cd-Ch: combined cadmium and cold treatment. Fold change is calculated as described in Section 2.
c EST acc: highest scoring EST accession on which the identiﬁcation was based, all identiﬁcation data can be found in the Supplemental Table 2.
d NCBI accession: protein of known function with the highest homology to the identiﬁed EST sequence.
e Name/function: functional annotation of the NCBI accession with the highest homology to the EST.
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old-speciﬁc upregulation (1.6–2.6 fold) (2280 and 2282; Table 1).
he chilling-speciﬁc increased accumulation of lipocalins supports
he assumption that poplar is actively undergoing a cold accli-
ation. During this process, an active metabolism must be kept
o perform the necessary physiological changes; lipocalins with
heir beneﬁcial effect on membrane ﬂuidity support this active
etabolism. Lipocalins can induce protection against ionic com-
ounds (Abo-Ogiala et al., 2014); on the other side a chloroplastic
orm of this protein was found to decrease in intensity after pro-
onged ozone exposure (Bohler et al., 2011), or increase in ﬂax
xposed to Cd (Hradilova et al., 2010).
Dehydrins are heat-stable glycine-rich proteins induced in
esponse to abiotic constraints that result in dehydration stress
drought, salinity, and low temperature) (Renaut et al., 2004). Their
roposed role is to stabilize cell membranes and to prevent pro-
ein denaturation at low intracellular water content as well as
revent the formation of intracellular ice (Kosova et al., 2007). Sev-
ral dehydrins showed a cold-speciﬁc upregulation (with average
atio’s ranging from 11.9 to 15.7), whereas in the samples from
admium-stressed plants the intensity of some spots containing
ehydrins decreased (spots 136 and 1952, opposite spots, Table 3).
he increased abundance of these two classes ofwell-characterized
nd known cold-related proteins conﬁrmed the speciﬁcity of the
bserved responses.
Another important metabolic pathway which is strongly
nduced after exposure to cold is the methionine metabolism path-
ay via methionine synthase (spot numbers 276, 299, 303, 312
nd 313, Table 1). Based on the acquired MS and MS/MS spectra
o distinction between these spots could be made. This protein is
art of the “activated methyl cycle” (Bohnert and Jensen, 1996),
herein methionine is later converted to S-adenosylmethionine,
methyldonor in the biosynthesis of major metabolites involved
n acquired cold acclimation such as methylated polyols and
olyamines (Narita et al., 2004). These compounds accumulate in
everal plant species exposed to chilling for instance in potato
Ouﬁr et al., 2008) although a speciﬁc role of all these compounds
n cold acclimation is not known (Alcázar et al., 2011). The same
ethionine pathway is also the crossroad with ethylene synthe-
is and as such inﬂuences the plant response to abiotic constraints
Renaut et al., 2009). Polyamines and ethylene however have an
ntagonistic impact and the regulation of the balance between
hese pathways is complex. With the data obtained no indication
n their relative importance can be concluded from this study.
Among the other proteome-level changes the chilling causes the
ost remarkable is probably the decreased abundance of spot 2213
Table 1). Methionine sulfoxide reductase A (MsrA) reduces methi-
nine sulfoxide back to methionine thereby restoring the activity
f proteins and is known as a major lifespan-regulator (Moskovitz
t al., 2001). In plants, overexpression of the gene for this protein
esulted in a higher resistance to chloroplastic oxidative damage
Romeroet al., 2004).However theESTwe identiﬁed (gi: 28609958)
orresponds to a cytosolic protein (Tarrago et al., 2009) and its
ecreased abundance will impose an additional burden on cellu-
ar metabolism by causing a higher turnover of proteins (Bechtold
t al., 2004), the energetic cost of which may contribute to the
rrested growth of chilling-exposed plants.
Several groups of proteins show a Cd-speciﬁc reactivity, includ-
ng pathogenesis-related (PR) proteins, with proteins belonging to
everal classes of PR-proteins being more abundant, with average
atios ranging from 2.5 to 15, in Cd-treated plants (1577, 1665,
800, and 1879; Table 2). Three spots containing PR-proteins fur-
hermore were classiﬁed as having an opposite response, higher
ntensity after the Cd and combined treatments and lower inten-
ity after the cold treatment (Table 3), i.e. hypersensitive-induced
esponse protein (spot 1583) and beta-1,3-glucanase (spot 1794).
he former of these (spot 1583) is part of the band 7 ﬂotillinimental Botany 106 (2014) 112–123 121
like proteins which are membrane-bound, potentially myristoy-
lated proteins implicated in regulatory events and cytoskeletal
rearrangements (Jaquinod et al., 2007). The lower abundance of
several spots containing cytoskeletal proteins in Cd-exposed plants
might be linked with this observation (Table 2). This is similar to
changes previously described in Cd-exposed poplar plants (Kieffer
et al., 2008). Spot 1800, the spot with the highest fold change in
Cd-exposed poplar, is a pathogen-related protein containing a diri-
gent conserved domain (pfam03018). Proteins with this conserved
domain are poorly characterized but have a tendency to accumu-
latewhenplants are exposed to abiotic stresses and are taught to be
involved in the strengthening and repair of cell walls (Ralph et al.,
2007). Together with the increased accumulation of proteolytic
proteins, these Cd-speciﬁc responses are similar to the induction of
a hypersensitive-type response observed in leaves after a pathogen
attack (Heath, 2000).
Several isoforms of cytosolic glutamine synthases (GS) change
in abundance depending on the treatment. Two isoforms increase
in a stress responsive manner but with a signiﬁcantly higher fold
change in theCdandcombined treatments (1276and1278, Supple-
mental Table 3), ﬁve isoforms are classiﬁed as Cd-responsive (1253,
1262, 1263, 1267, and 1308; Table 2). Another protein involved in
nitrogen metabolism, glutamate dehydrogenases (spots 1140 and
1161), also showed a Cd-dependent accumulation, whereas cold
treatment did not inﬂuence the abundance of these proteins. Con-
trary to this, the plastidic isoform of GS (1080; Table 2) is less
abundant after the cadmium treatment. Although RuBisCO nor-
mally ﬁxes CO2, frequently oxygenation of RuBisCO can occur,
especially if CO2 availability is low. During this process, called
photorespiration, a glycolate and a glycerate are produced, which
must be recycled through the peroxisomes andmitochondria, lead-
ing to an enhanced production of waste ammonia (NH3), which
needs to be detoxiﬁed. Plastidic GS are mainly responsible for
the recycling of this ammonia. However overexpressing cytosolic
GS initiated changes in photorespiration (through the reduction
of the concentrations of free ammonia) thereby permitting bet-
ter nitrogen use efﬁciency (Oliveira et al., 2002). Together with
an increase in glutamate dehydrogenase, this upregulation of GS
indicates that recycling of ammonia and remobilization of leaf
nitrogen is takingplace, thereby representinga response to reduced
nitrogen assimilation in roots, known to be affected during expo-
sure to Cd stress at levels comparable to those used in this study
(Chaffei et al., 2004). A similar event is observed during senescence,
the activity of cytosolic GS increases, serving to the remobiliza-
tion of nitrogen resources (Diaz et al., 2008). However both GS
and glutamate dehydrogenase are also part of the glyoxylate and
dicarboxylate metabolism, which is closely linked with the nitro-
gen metabolism. Four spots containing proteins involved in the
metabolism of glyoxylate are likewise of higher abundance in Cd-
exposed poplar (spots 1243 and 1362, Table 2) or are considered
as stress-responsive, but the latter with smaller fold changes in the
cold-alone plants (spots 521 and 525, Supplemental Table 3).
Two isoforms of carbonic anhydrases (spot 2119 and 2162,
Table 2) had a lower abundance in Cd-treated plants. Carbonic
anhydrases are responsible for the reversible hydration of CO2 and
take part in many biologically important functions that involve
carboxylation or decarboxylation processes, noticeably photosyn-
thesis and respiration (Moroney et al., 2001).
5. ConclusionThrough the exposure of poplar plants to cold, Cd and a combi-
nation of both the experiment allowed to separate proteome-level
responses commontobothstressors fromstress-speciﬁc responses.
Primary production was negatively impacted after cold or Cd
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C.L., 2004. Exploring the temperature-stress metabolome of Arabidopsis. Plantig. 5. Overview of the major proteome-level observations made, classiﬁcation of
he spots was done as described in the material and method section.
xposure, but while Cd resulted in growth retardation, chilling
esulted in a close to complete growth inhibition. The effect of the
ombined stress was more severe, complete stop of growth and
he plants showed extensive chlorotic and necrotic spots on young
eaves coinciding with a drastic decrease in the Fv/Fm ratio.
An overview of the major pathways involved in the stresses is
iven in Fig. 5. The cold-speciﬁc spots contained mainly proteins
ith protective functions such as heat shock proteins and dehy-
rins/lipocalins known to aid in maintaining membrane integrity.
he increased abundance of methionine synthase, synthesizing the
recursor of activated methyl groups needed for the biosynthesis
f, amongothers, cryoprotective compounds, points to an increased
llocation of energy towards metabolic acclimation.
The growth of Cd-exposed plants was inhibited and they dis-
layed necrotic-symptoms on young, actively growing leaves. The
ain processes affected by Cd-excess are organellar protein import
r synthesis, with an increase of proteins involved in mitochon-
rial protein import and a decrease of several components involved
n chloroplastic protein synthesis. The higher abundance of PR-
roteins, linked to the induction of early senescence, together with
he higher abundance of proteins involved in nitrogen-salvage in
d-exposed plants, indicates that senescence is initiated.
Using this experimental setup, stress-speciﬁc responses were
istinguished from those common to both stresses. In this study
he focus was on the stress-speciﬁc responses and although two
tresses are not sufﬁcient to delineate all components of a general
daptation syndrome, those effects classiﬁed as stress responsive
Fig. 5) are commonly found in studies on biotic and abiotic plant
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